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INTRODUCTION
The biocatalytically active form of vitamin B 6 , pyridoxal 5'-phosphate (PLP), represents one of nature's most versatile cofactors that plays a central role in amino acid metabolism. PLP-dependent enzymes are involved in various pathways ranging from interconversion of α-amino acids to the synthesis of antibiotic compounds. Like PLP, pyridoxamine 5'-phosphate (PMP) acts as an essential cofactor in the biosynthesis of deoxysugars. Despite its paramount physiological and pharmaceutical importance, little is known about the de novo synthesis of vitamin B 6 . Biosynthetic studies have been focused on E. coli, in which five genes required for synthesis have been identified via complementation of auxotrophic mutants and tracing experiments using radioactive labeled precursors (for a review see [1] ). While two of the defined genes (serC and gapB) are also involved in other biosynthetic pathways, the gene products of pdxA, pdxB and pdxJ are unique to B 6 biosynthesis. GapB, SerC and PdxB catalyze the formation of the nonproteinogenic amino acid 4-phosphohydroxy-threonine (HTP), which is one of the two acyclic vitamin B 6 building blocks. PdxA and PdxJ are required for the condensation of HTP with the second building block, deoxyxylulose 5'-phosphate (DXP), to yield pyridoxine 5'-phosphate (PNP). The different B 6 vitamers, pyridoxine, pyridoxal, pyridoxamine, PLP, and PMP, are generated from PNP and interconverted into each other in the so called salvage pathway by the action of the ATP-dependent kinase PdxK, various transaminases, and the FMN-dependent oxidase PdxH [2] [3] [4] [5] .
The exact roles of PdxA and PdxJ, however, remained undetermined for a long time. It was demonstrated only recently, that PdxA is an NAD-dependent dehydrogenase that catalyzes the oxidative decarboxylation of HTP to give the unstable intermediate aminoacetone-3-phosphate (AAP) [6] . PdxJ (also referred to as PNP synthase) then catalyzes the consecutive reaction in which AAP and DXP are condensed to yield PNP and inorganic phosphate P i as indicated in Figure 1 [7] [8] [9] . was adapted from Cane and coworkers [9] .
Recent findings suggest that vitamin B 6 functions, in addition to its vital coenzyme role, as an antioxidant that quenches singulet molecular oxygen during photooxidative stress [10, 11] . The gene SOR1 (singulet oxygen resistance, also called pdx1, pyroA) was identified in Cercospora nicotianae and Aspergillus nidulans as the responsible element for this resistance [12, 13] . As it was demonstrated in further experiments, the SOR1 protein is specifically required for pyridoxine biosynthesis, although no homology to any of the well known E. coli pdx genes exists. Sequence database analysis indicated that organisms encode either SOR1 or the E. coli pyridoxine biosynthesis genes pdxA/pdxJ.
The SOR1 group includes fungi, plants, archaebacteria and some eubacteria, whereas the pdxA/pdxJ group comprises only eubacteria.
Here we describe the crystal structure of E. coli PNP synthase (PdxJ) that catalyzes the final step in bacterial vitamin B 6 biosynthesis. Furthermore, the crystal structure of an enzyme-product complex that defines the precise active site environment and reveals conformational changes that accompany binding of products is presented.
OVERALL STRUCTURE
The X-ray structure of native PNP synthase was solved by the single isomorphous replacement method (SIRAS) and refined at 2.0 Å resolution to an R factor of 20.6% (Table 1 ). The oligomeric state of PNP synthase observed in the crystal is the same as in solution [14] . It is an octameric enzyme in which the subunits are organized with 422 (D4) point group symmetry (Figure 2a ). In the C222 1 crystal form, the fourfold rotation axis coincides with the crystallographic a axis corresponding to four monomers per asymmetric unit (named A, B, C, and D) that are related by noncrystallographic (NCS) 222 symmetry. The octamer has overall dimensions of 97 x 97 x 77 Å 3 and looks like a thick-walled cylinder that is penetrated by a solvent-filled channel of approximately 12 Å diameter. In this cylinder, the constituting subunits are oriented such that their active sites point away from the internal channel and face the solvent region.
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Resolution ( and in cyan (monomer H). Arg20 that protrudes into the adjacent active site and the bound product molecules PNP and P i are shown in a ball-and-stick model. These illustrations and Figure 5 were produced with MOLSCRIPT [30] and RASTER3D [31] , Figures 3a and 4 with SETOR [32] and Figures 3b and 6 with DINO [33] .
The monomer of E. coli PNP synthase is comprised of one compact domain showing the frequently observed (β/α) 8 or TIM barrel fold (for a review see [15] ), where the eightmembered cylindrical β sheet is surrounded by eight helices as illustrated in Figure 2b .
Interestingly, a hydrophilic channel is observed in the center of the TIM barrel. The water molecules that are bound in this channel are arranged in a continuous tube that penetrates the protein in full length. The wall of the solvent channel is constructed by four rings of polar residues that project from alternating β strands. From the N-to the C-terminal end of the barrel, these layers are composed of residues Arg68-His210-Phe151-Phe90, Ser131-Asn70-Glu211-Asn190, Glu153-Cys92-Thr43-Asn213 and Glu72-Asn9-His193-Phe133. Similarly to other (β/α) 8 structures, all of the α helix/β strand turns at the Nterminal end of the barrel are comprised of only three or four residues, while the loops at the C-terminal end, between β strands and subsequent helices, are much longer and build up the active site. The numbering of these loops refer to the preceding β strands, e.g., loop 6 follows strand 6. The C-terminal loops range in length from 3 to 19 residues and harbor additional secondary structural elements, namely helices 1a, 6a and 8a. In the β barrel of PNP synthase, these extra helices are located at the side from which contacts to neighboring monomers originate. Consistently, helices 1a, 6a and 8a mainly build up the three distinct intersubunit interfaces. One of the loops at the C-terminal end of the β-barrel (loop 4) could not be fully interpreted in the electron-density of monomers A, B and C and exhibited high disorder factors in monomer D (average B value = 63.8 Å 2 ).
However, the backbone and most of the side chain atoms of loop 4 show continuos and unambiguous electron density in monomer D.
The PNP synthase octamer is organized as a tetramer of dimers AE, BF, CG and DH.
The (β/α) 8 
THE ENZYME-PRODUCT COMPLEX
The loops at the solvent-accessible, C-terminal end of the β barrel form a deep cavity that provides the enzyme's active site. The pronounced size of this pocket (11 Å x 14 Å wide, 9 Å deep) should easily accommodate the proposed PNP synthase substrates DXP and AAP, the intermediates of the reaction and the product PNP. To identify individual active site residues, the PNP synthase crystals were soaked with the products of the reaction, PNP and P i . The original (F o -F c ) density maps indicated unequivocally the location of the product molecules, which were tightly bound in the C-terminal groove of each ΤΙΜ barrel subunit, as shown in Figure 3 . Selected interatomic distances between protein and ligands are given in Table 2 . In both open and closed states, the PNP molecule is anchored predominantly through its phosphate group. The corresponding phosphate-binding site, which we refer to as P1 site, is located between loop 7 and loop 8 and is similarly constructed as those of other TIM barrel proteins (see below). Five hydrogen bonds between protein and PNP are discernible, including the main chain amide nitrogens of Gly194, Gly215, His216, and the guanidino group of Arg20*. The two hydrogen bonds with Arg20* are strengthened by charge-charge interactions. Binding of the PNP phosphate is further improved by interaction with the macrodipole of helix 8a, a feature frequently seen in phosphatebinding proteins [17] . The PNP pyridine system is sandwiched between His193 and Glu72. His193 is positioned at the solvent exposed side and is hydrogen bonded to the hydroxylic group of Thr102 and to NE2 of His155. By these interactions, the ring plane of His193 is oriented almost perpendicular to the plane of the PNP pyridine ring. On the opposite side of PNP, at the side directed towards the protein interior, the carboxylate group of Glu72 is facing the pyridine ring atoms. The interatomic distances between Glu72-OE1/2 and PNP-N1, C2, C3, C4, C5, and C6 are 3. site. Contrary to the P1 site, this site is constructed by side chains of dominantly basic residues. Strong hydrogen bonds are formed between P i and Arg20*, Asp11, His12, Arg47, His52, Thr102, and Thr103. Arg20* and Arg47, especially, should be involved in charge compensation of the P i , as deduced from their close distance. Finally, two welldefined water molecules are observed in close distance to both phosphate groups: one water molecule is wedged between them and the second is bound to P i at the P2 site.
In the open conformation, characteristic structural differences in the active site are the consequence of the expulsion of loop 4 and the release of P i . Most strikingly, solvent has now direct access to the PNP C3 and C4 positions and to the P2 site. Due to the absence of its interaction partner, Thr102, the hydroxyl group at PNP-C4' reorientates and binds strongly to Asn9. Similarly, the interactions of His193 with Thr102 and Arg47 with Glu100 are disrupted upon active site opening. As a consequence, Arg47, one of the most prominent P i binding residues, adopts a different conformation and moves away from the active site. The remaining interactions between PNP synthase and PNP are conserved in the open form, some with slightly different interatomic distances (Table 2) . 
ACTIVE SITE CLOSURE UPON PRODUCT-BINDING
a The table summarizes those residues that enclose the ligands. To indicate differences between the discussed structures, sometimes also distances > 4.0 Å are included. intermediates. The present crystal structure of the product-complexed PNP synthase provides a simultaneous view on these two distinct states (Figure 4) . Thereafter, occupation of both phosphate binding sites P1 and P2 is the minimum prerequisite to induce rearrangement of loop 4. 
MECHANISTIC IMPLICATIONS
Several mechanistic proposals have been put forward how PNP synthase catalyzes the final step in vitamin B 6 biosynthesis [7] [8] [9] . The complex multistep mechanism involves Schiff-base formation, water elimination and addition, P i elimination, ring closure, and various proton shifts, as shown in Figure 1 . The biochemical characterization of this mechanism is hampered by the fact that the AAP substrate is highly unstable. In most cases, the enzymatic analysis has to be coupled to the PdxA catalyzed reaction, complicating the derivation of individual kinetic parameters. While the precise sequence of individual steps remains a matter of speculation, several important mechanistic features can be deduced from the structural work. Since all of the mechanistically important residues are invariant in the PNP synthase family (data not shown), a common mechanism can be anticipated. A similar interaction is observed frequently for PLP-dependent enzymes, where an aspartate neutralizes the positively charged pyridine N1 and increases the electron-sink character of the cofactor [18] . His193 is the only proton donor/acceptor on the other side of the pyridine ring, facing the solvent region.
The structure of the EP complex suggests that a phosphate, which is covalently bound to the Schiff-base conjugate, cannot occupy the P2 pocket. Thus, the enzyme appears to facilitate cleavage of the scissile DXP-phosphate, the main driving force of the reaction, by providing a large anion hole constructed by several basic residues that is only available for a released phosphate group. 
COMPARISON WITH OTHER / -BARREL STRUCTURES
Since no related structure of PNP synthase is available up to now, the DALI algorithm The DALI superposition with the most similar structure (i.e., IGPS) is shown in Figure   6a and illustrates that the basic (β/α) 8 architecture is highly conserved. Only helices 1b, 3, 4 and 7 exhibit deviations in orientation and length. Greater variability is found at the C-terminal loops of the β barrel as the consequence of different catalytic functions. One remarkable difference concerns the origin of the loop that has been proposed to undergo conformational rearrangement upon substrate binding [19] . While IGPS and its related structures have an extraordinary long and highly flexible loop following β strand 6, the corresponding loop of PNP synthase, 15 residues in length, follows strand 4. The most striking similarity in the alignment is a common phosphate binding site. In the three cited enzymes and in PNP synthase, a phosphate group is bound at equivalent position in the tertiary structure: this group is hydrogen-bonded to the main-chain nitrogens of the Nterminal end of helix 8a and its preceding loop and to the first residues of the loop 7. The charge of the phosphate is compensated partially by the macrodipole of helix 8a that is 6 residues longer in PNP synthase than in IGPS and related structures. The comparison indicates that local sequence similarities are present in the phosphate binding segments.
For example, a structurally conserved glycine, Gly194 in PNP synthase, is observed at the N-terminus of loop 7 that is generally followed by a small hydrophobic residue (leucine, isoleucine, valine) and by a small polar residue (serine, threonine, asparagine).
Another invariant glycine, Gly215, mediates the connection between β strand 8 and α In summary, the DALI superpositions reveal a higher degree of similarity between PNP synthase and TIM barrel enzymes that utilize phosphate containing ligands.
Additionally, the structural alignments further affirm the common phosphate binding site that is present in a large number of functionally unrelated TIM barrel enzymes [20] .
According to the hypothesis of Jensen [21] that divergent evolution proceeded from primitive enzymes with broad substrate specificity, a common primordial phosphatebinding ancestor seems feasible for a large class of (β/α) 8 barrel proteins.
BIOLOGICAL IMPLICATIONS
Vitamin B 
EXPERIMENTAL PROCEDURES
Crystallization and Data Collection
The PNP synthase enzyme was purified and crystallized as previously reported [8, 14] .
Briefly, the best diffracting crystals grew in space group C222 1 , with lattice parameters a=132.5 Å, b=155.1 Å, and c=130.1 Å containing four monomers per asymmetric unit.
High-resolution data of native PNP synthase crystals were collected at the DESY BW6 beamline (Deutsches Elektronen Synchroton, Hamburg, Germany), and yielded a complete 2.0 Å data set. Diffraction data up to 2.3 Å for the EP complex were collected at our in-house Mar Research (Hamburg, Germany) image plate system mounted on a Rigaku (Tokyo, Japan) rotating anode generator operated at 50kV/100mA with Cu K α radiation (λ = 1.5418 Å). Best results were obtained by incubating PNP synthase crystals for 1 h in 5 mM PNP/5 mM P i . Processing of the diffraction data and scaling of the individual structure factors sets were performed with programs of the hkl [22] and the CCP4 package [23] , respectively.
Structure Determination and Refinement
The structure solution of PNP synthase succeeded by the SIRAS method with a highly isomorphic thiomersal derivative, for which 12 Hg sites could be identified [14] . The solvent-flattened density map was of sufficient quality for chain tracing and to build the molecular mask with MAMA [24] . Using NCS operators extracted from the heavy atom sites with FINDNCS [25] , a 4-fold averaged map, in which the complete model of PNP synthase was built in, was calculated with AVE [24, 26] ,. Model building was done with the program O [16] implemented on an Indigo2 workstation (Silicon Graphics). For energy-restrained structure refinement, the maximum likelihood algorithms of CNS [27] and the protein parameter set of Engh and Huber (1991) [28] were used. Bulk solvent, overall anisotropic B factor corrections, and NCS restraints (except for residues 96-106)
were introduced depending on the behavior of the free R factor index. In later stages, solvent molecules were introduced at stereochemically reasonable positions with high difference electron densities. During the whole refinement the R factor decreased from 35.9 to 20.6% (R free from 37.3 to 25.3%) for all data between 25.0 and 2.0 Å resolution.
The final model includes 4 monomers and 747 water molecules and exhibits good stereochemistry (Table 1 ). In the Ramachandran plot, 92.3% of the residues were found in the most favorable, 7.5% in the favorable, 0.2% in the generously allowed, and no residue in the disallowed region. For monomers A, B, and C, only poor density was observed for residues 96 to 106 which were omitted from the model. A similar procedure was employed for the EP complex. Several rounds of simulated annealing, positional refinement and B factor optimization with CNS alternated with manual refitting with O.
Again, residues 96-106, were highly flexible in monomers B and C but, surprisingly they exhibited different folds in monomers A and D. The ligands (one molecule of PNP per monomer, and P i in monomer A) were only included in the last round of refinement. The secondary structural elements were used as defined by the program DSSP [29] .
